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The long term goal of this research is to improve the fire resistance of gypsum wallboard
(GWB). Gypsum wallboard consists mainly of gypsum, i.e. calcium sulfate dihydrate,
CaSO4•2H2O. In buildings, the chemical, mechanical and thermal properties of gypsum
wallboard play an important role in delaying the spread of fire. To build a fire resistant
GWB, it is very important to study the thermal, mechanical, physical and chemical
properties of regular GWB and various types of fire-resistant wallboards available
commercially in the market. Various fire-resistant GWBs have been compared and
contrasted with reference to a standard wallboard in this study. Regardless of the type of
wallboard, the main component is gypsum. The fire resistance property is mainly
attributed to the absorption of energy related with the loss of hydrate water going from
the dihydrate (CaSO4•2H2O) form to the hemihydrate (CaSO4•½H2O) and from the
hemihydrate to the anhydrous form (CaSO4) in a second dehydration. The present paper
is a comparative study of commercially available standard, fire-rated Type X and firerated Type C gypsum wallboards. Type X wallboards are typically reinforced with noncombustible fibers so as to protect the integrity of the wallboard during thermal
shrinkage, while the Type C wallboards are incorporated with more glass fibers and an
additive, usually a form of vermiculite. These Type C wallboards have a shrinkage
adjusting element that expands when exposed to elevated temperature. Differential
scanning calorimetry (DSC), thermogravimetric analysis (TGA), thermomechanical
x

analysis (TMA), scanning electron microscopy (SEM) and powder X-ray diffraction
(XRD) were used to characterize and compare the materials. Various properties, such as
the heat flow, weight loss, dimensional changes, morphology and crystalline structures of
the gypsum wallboards were studied using these techniques.

xi

1. INTRODUCTION
A. Materials Science
Materials science and technology have been playing an important role in the field
of construction for many decades.1 The improvement of existing materials properties,
progress of new materials, techniques to study the long term behavior of materials, and
advancements in standard methods are some examples emphasizing the role of materials
science in the construction industry. The behavior of both organic and inorganic
construction materials can be studied using various thermal analytical techniques. These
techniques help in building a profile for the construction material under study that
includes characterization of raw materials, intermediates, finished products and their
quality control.2
Thermal analysis is a branch of materials science that deals with the properties of
materials as a function of temperature .1, 2 During this process, the material under study
may undergo many physicochemical processes such as weight change, heat flow, thermal
shrinkage and crystalline transitions. Various thermoanalytical techniques are being used
today and these include thermogravimetric analysis (TGA), thermomechanical analysis
(TMA), differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA)
and dielectric analysis (DEA). Thermoanalytical techniques can also be used in
combination with techniques like mass spectrometry, X-ray diffraction and scanning
electron microscopy to detect the gases evolved, observe the crystal structures and
microscopic structures, respectively.
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B. Calcium sulfate minerals (hydration forms)
Calcium sulfate dihydrate
Calcium sulfate occurs primarily in two forms in nature: calcium sulfate
dihydrate, CaSO4•2H2O, and anhydrite, CaSO4 .3 Calcium sulfate dihydrate is commonly
called gypsum. It is one of the oldest construction materials. The word gypsum comes
from Greek, meaning chalk or plaster. Gypsum is a very soft sulfate mineral that has a
broad range of applications in construction, fertilizers, soil conditioners, ceramics,
odontology, and paints. Gypsum naturally occurs in sedimentary deposits from ancient
sea beds.2 It is mined and then made into many products, such as drywall used in
construction. It can also be seen as a by-product of many industrial processes.4 Selenite is
a form of gypsum that occurs as a clear crystalline material, also called as satin spar as
seen in Figure 1.1,3 Alabaster, another form of gypsum, is massive granular white rock in
nature as shown in Figure 2 and it has been used for sculptures since ancient times.3
Gypsite refers to earthy gypsum with tiny gypsum crystals dispersed in clay or sand
contributing to 90% of the mass.4 Gypsum is moderately soluble in water at room
temperature and exhibits a special feature of retrograde solubility i.e. gypsum becomes
less soluble at elevated temperatures which is a distinguishing feature.4 From 0-40 °C, its
solubility increases with an increase in temperature and thereafter gradually decreases till
58 °C. Anhydrite exhibits a contrasting solubility property of inverse proportionality with
temperature. Gypsum and soluble form of anhydrite coexist at a temperature of
58 °C.5 Since, anhydrite also exhibits a strong retrograde property; it does not revert back
to gypsum as its solubility decreases with increasing temperature.
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Figure 1. Selenite.6

Figure 2. Alabaster.6

Pure gypsum (CaSO4•2H2O) is comprised of 79.1% calcium sulfate and 20.9%
water. Commercial gypsum slightly deviates from these theoretical values due to the
presence of impurities such as clay, limestone, dolomite, silica and iron compounds.4
Exposure of gypsum to tropical sun rays may cause dehydration of calcium sulfate
dihydrate resulting in loss of water content. On the other hand, when anhydrite or
hemihydrate is dissolved in water, it converts to gypsum. The former dehydration is a
rare event occurring in nature, though conversion of anhydrite or hemihydrate to gypsum
is very common.3,7 ASTM International specifies that “no material may be considered as
gypsum which contains less than 64.5% by weight of CaSO4•2H2O”.3 Heating of gypsum
in the temperature range of 120-160 °C drives off three quarters of the hydrate water
resulting in the formation of Plaster of Paris, chemically called calcium sulfate
hemihydrate that has traces of gypsum and soluble anhydrite. Upon mixing with water,
this form of hemihydrate converts back to gypsum.8-13
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Calcium sulfate hemihydrate
Calcium sulfate hemihydrate is chemically CaSO4•½H2O. Bassanite is the
naturally occurring form of hemihydrate, and it can be seen as a rare impurity in gypsum
deposits.8 Bassanite is white in color but it can be differentiated from gypsum due to its
earthy texture.3,8,10,12 It exists in two forms namely α and β .6 β -hemihydrate is most
commonly used as a construction material since the α form is too brittle to be used.10,13
α and β forms of hemihydrate are produced as a result of different methods of calcination
.8,12,13 β-hemihydrate is a more common variety and is obtained by heating gypsum under
atmospheric pressure. α -hemihydrate can be produced by heating gypsum in a relatively
high pressure of water vapor.3, 8 The endothermic chemical reactions are still the same for
the formation of both products and are reversible at standard atmospheric conditions.10
β-hemihydrate finds its use in the production of drywall due to its higher strength.3 αhemihydrate can be used alone or mixed with β-hemihydrate, portland cement, glass
fibers or resins to produce durable products.12 α-hemihydrate has the ability to set faster
in relation to the β form.8 Regardless of the type of hemihydrate, all the forms of
hemihydrate are called as stucco in the industry. Among the two forms of hemihydrate, βform has the highest energy content and solubility rate. α-form is the least reactive form
and has a lower rate of strength development. For this reason, α-hemihydrate is not
preferred over the β-form. Preparation of α-hemihydrate involves dissociation of gypsum
in a water saturated environment above 97 °C. This also requires high pressure in an
autoclave in the presence of steam. On the other hand, β-hemihydrate can be prepared in
vacuum at 100 °C. The usage of the type of hemihydrate also depends on other criteria
such as the water demand and cost. β-hemihydrate is cheap and α-hemihydrate requires
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less water to rehydrate.5, 10 Both the forms of hemihydrate are very well known as Plaster
of Paris.12
Anhydrite
Anhydrite, CaSO4, is the dehydrated form of gypsum and does not have economic
importance in relevance to gypsum.3 Anhydrite is one of the most common impurities
found in gypsum deposits or may also occur as a product of dehydration of gypsum that
has been subjected to deep burial.3,4 Anhydrite exists as a massive rock or a mixture of
gypsum and anhydrite in partially hydrated deposits. Anhydrite can be considered as a
contaminant or a co-product in a gypsum deposit.8 When treated as a contaminant,
anhydrite is harder and denser than gypsum. It also increases the mass of the finished
wallboard and is very abrasive to grinding and processing equipment. As a co-product,
anhydrite finds its use in Portland cement rock as it can control the setting time of the
finished product.10 Occurrence of gypsum and anhydrite can be classified in to 3 classes
of origin.4


Precipitation from saline solutions



Precipitation by the chemical action of sulfuric acid and sulfates on lime bearing
minerals



Disintegration and mechanical reaccumulation

Pure anhydrite does not have any water of crystallization unlike gypsum and
hemihydrate. Anhydrite exists in two forms – γ and β. 1-4 γ-anhydrite is the soluble form
typically produced by heating β-hemihydrate. Further heating of γ-anhydrite leads to the
formation of β-anhydrite. γ-form of anhydrite has the capacity to revert back to
dihydrate upon mixing with water .10 At temperatures greater than 190 °C, the formation
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of soluble anhydrite occurs followed by an insoluble anhydrite at temperature beyond
400 °C. The dehydration mechanism of gypsum yields a mixture of hemihydrate and
anhydrite. It is very difficult to distinguish the crystal structures of β-hemihydrate and
soluble γ-anhydrite as can be clearly seen in Figure 3.

Figure 3. XRD diffractograms of β-hemihydrate and soluble γ-anhydrite.7
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The diffractograms of β-hemihydrate and soluble γ-anhydrite can be distinguished
based on presence of two small peaks occurring at 12° and 31° 2θ in β-hemihydrate.7 The
crystal structure of insoluble anhydrite consists of a orthorhombic lattice. This lattice has
close packing, high density and stable arrangement of calcium sulfate molecules which is
responsible for its low reactivity.
The gypsum → hemihydrate transitions cause a rearrangement of Ca2+ and SO4 2ions apart from removal of water molecules during dehydration process. During this
process, the crystal lattice changes from monoclinic to orthorhombic lower state causing
shrinkage. 75% of water molecules are lost during the gypsum dehydration and the
simultaneous structural rearrangements cause an increase in the density. The
hemihydrate → anhydrite causes no rearrangement in the ions. The remaining 25% water
molecules in hemihydrate reposition to hexagonal canals built by tetrahedral SO4 2- anions
and Ca2+ cations. This is one of the reasons why there is not much variation in the peaks
and their orientation between the β-hemihydrate and soluble γ-anhydrite.7 The removal of
the 25% water molecules causes a decrease in the density and no rearrangement in the
crystal lattice occurs.
(i)Gypsum wallboard and its fire resistance
Light weight constructions mainly make use of gypsum as their lining material as
it is a cost effective and efficient way to impart flexible partitioning assemblies in
commercial and residential buildings.14, 15 Figure 4 is a finished product consisting of
gypsum as the non-combustible core covered with heavy paper on both sides of GWB
that provides tensile strength to the lining. Figure 5 is a depiction of a gypsum board
ceiling that consists of steel or timber studs covered by one or two layers of gypsum
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boards on either side. In between them is the insulation layer that might be left empty or
filled with insulation materials such as glass fibers, rock wool or cellulose fiber
insulation. GWB contains chemically bound water and a certain amount of free water that
plays an important role in the natural fire resistant property shown by gypsum.7 When a
GWB is exposed to a fire, the heat is absorbed to drive off the water instead of heating up
the wallboard.9 As a result, this process is delaying the temperature rise in the GWB until
it is completely dehydrated. Another important property of gypsum is its low thermal
conductivity because of which, the unexposed surfaces of wallboard to fire remain cooler
and thus stand as a cheap and light weight fire resistant barrier in compartmentalization
of buildings.15
Gypsum is not only a naturally occurring fire resistant material, but also the
presence of voids in the wallboard makes it a good thermal insulator.14 This fire resistant
property of gypsum can be attributed to the water of crystallization accounting to 21% by
weight. Gypsum had gained importance with the advent of skyscrapers due to its property
of thermal insulation.3 It is considered to be the most suitable material for covering steel
work as gypsum does not undergo any significant expansions or contractions upon
changes in atmospheric temperatures. 3,4
Building structures with better fire resistance is an ongoing endeavor. Fires can
cause injuries, loss of life and economic losses. Thus, it is very important to develop and
design structures that can withstand fire and delay the spread of fire from one side of the
building to the other parts. Currently, the two systems in use are active and passive fire
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Figure 4. Finished product of commercial dry wallboard.16

Figure 5. Gypsum board ceiling panel.17
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protection.14 Active fire protection (AFP) is an integral part of structural fire protection.
This means of protection attempts to extinguish a fire. Examples of AFP include fire
extinguishers, fire sprinkler systems and fire detection devices. Passive fire protection
(PFP) is another part of structural fire protection that aims at delaying and retarding the
spread of fire from the site of origin to the other parts of the building. PFP is achieved by
compartmentalization of the entire building by incorporating fire resistant rated walls,
floors, doors and ceilings. Though PFP cannot completely stop the fire, it can efficiently
increase the time allowed to evacuate a building and also limit the building damage.14,15
For this purpose, standard gypsum wallboards (GWBs) and fire resistant GWBs are
broadly used. The structural integrity of any building when exposed to fire depends on its
thermomechanical properties. These properties are used to predict the behavior of GWB
in a wide range of parameters characterizing their structural changes, internal state such
as temperature and deformations. So, it is very important to study the changes in the
structure and properties of GWBs with a change in temperature during a fire as it is one
of the greatest concerns in terms of safety and reliability. Therefore, evaluating different
types of GWBs has been of great interest to many researchers. Fire resistance is defined
as the duration for which a fire protection system can withstand a standard fire test until it
reaches failure criteria.
There is no specific data available on the rate at which the calcination reaction
occurs in GWB when exposed to fire.4 When one side of the GWB undergoes a fire
exposure, the calcination process occurs gradually starting from the exposed surface to
the interior layers until it reaches the other side of the wall. During this process, a huge
amount of thermal energy is consumed and initially limits the effect of these temperatures
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on the unexposed side.9 In the initial stages, when the GWB is exposed to fire, the outer
layer of the wall loses its water molecules and sheds off that layer. This process is called
ablation.11 Ablation is a process where in some materials undergo physical and chemical
changes under heat resulting in the removal of successive thin layers from the surface due
to reduction in bonding.9,11It prevents the fire from directly attacking the core and
spreading to the other side of the wall. As the heat starts transferring to the innermost
core of the wallboard, more gypsum converts to anhydrite and falls off.13 Eventually, all
the inner layers start to lose their water molecules due to increased temperatures. Upon
losing all the water molecules, the volume of the GWB decreases causing a shrinkage and
contraction in the structure of the wallboard. Due to the widespread shrinkage of the
wallboard, cracks start to appear. These cracks allow rapid heat transfer to take place and
spread the fire to the other side of the wallboard. The tightly bound and interlocked
gypsum crystals loosen and destroy the structural integrity of the GWB. In previous
studies, it was noticed that incorporation of glass fibers delayed the ablation process.
Thomas and his coworkers observed ablation at 700 °C for a standard GWB and 1000 °C
for a GWB reinforced with glass fibers.15
(ii) Types of GWB
GWBs are classified into various types based on chemical composition and their
performance. A regular GWB is the one that consists of non-combustible gypsum as its
core and is responsible for exhibiting the main fire resistant property.1 In fire resistant
rated GWBs, the gypsum core is incorporated with some additives in order to enhance the
natural fire resistance property of the GWB.18,19 Noticeable changes in performance have
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been seen in the different GWBs based on the type, manufacturer and chemical
composition.
Type X GWB is formulated by incorporating glass fibers to the gypsum core that
increases the resistance to fire. These fibers help to maintain the structural integrity of the
core as shrinkage occurs, providing greater resistance to heat transfer during a fire
exposure.18 Typical compositions of glass fiber, rock wool and slag wool are given in
Table 1. To be designated as Type X by ASTM C 36, a GWB must be shown to achieve
not less than one hour fire-resistance rating for 5/8” wallboard or a ¾ hour fire-resistance
rating for ½” board applied in a single layer.19
Type C GWB does not have any specifications set by ASTM .19 It is considered to
be an improved version of Type X wallboard. For additional fire protection, Type C
GWBs can be used. These GWBs are developed by incorporating a mineral core additive
that expands on heating and helps in holding the wallboard together during a fire
exposure. Here, the expansion is meant to compensate for the shrinkage occurring in the
wallboard due to heat. Both these processes occur simultaneously. A commonly used
mineral additive is vermiculite which is chemically hydrated magnesium aluminum iron
silicate.20 In addition to vermiculite; glass fibers are also present in the core with some
insulating materials. 21
Vermiculite: Vermiculite represents a group of minerals that is formed by
alteration of biotite and iron bearing phlogopite. Vermiculite varies from other clay
minerals in its high silicon to aluminum (Si:Al) ratio of 3:1. A generalized formula has
been proposed for vermiculite .4
(Mg, Fe, Al)3 [(Al, Si)4 O10] (OH)2 • 4H2O
12

Table 1. Typical glass fiber, slag wool and rock wool composition.22
Component

Glass wool

Slag wool

Rock wool

Wt.%

Wt.%

Wt.%

SiO2

34-73

32-41

45-52

Al2O3

3-14.5

8-15

8-13.5

CaO

0-22

27-40

10-12

MgO

0-5.5

4-13

8-15

B2O3

0-8.5

0

0

Na2O3

0.5-16

0-2

0.8-3.3

K2O

0-3.5

0-0.5

0.8-2.0

ZrO2

0-4

0

0

TiO2

0-8

0-0.5

1.5-2.7

PbO

0-59

0

0

Fe2O3

0

0-2

5.5-6.5

S

0

0-2

0-0.2

P2O5

0

0-1

0

It exhibits a number of properties like high ion exchange capacity, directional
intumescence and an active crystal surface with catalytic properties.22 The internal
structure of vermiculite consists of water molecules. Upon heating to high temperature,
these water molecules vaporize and form steam causing the vermiculite to expand in
volume. This property of thermal exfoliation and intumescence plays a vital role in the
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production of light weight products, finding its use in the field of construction and
buildings. Numerous building boards make use of vermiculite.5 It is incorporated as fine,
untreated particles while preparing fire resistant wallboards.23 Treated vermiculite can be
mixed with binders to produce wallboards and can also replace gypsum wallboards.21
However, the main purpose is to provide fire resistance.
Type X GWBs aim at protecting the structural integrity by holding the wallboard
in place and delaying the ablation process when exposed to fire. On the other hand, Type
C acts in a different way because of its intumescence.18,19 When there is shrinkage in
wallboard due to heat, substances like vermiculite expand to compensate the shrinkage
simultaneously and impede the spread of fire to the other side of the wallboard.
(iii) Dehydration and Thermochemistry of gypsum
Gypsum undergoes chemical decomposition/dehydration reactions in two
different stages.24-26 This process is commonly called calcination.4 The loss of water
molecules causes a decrease in the volume of GWB which results in thermal shrinkage,
causing cracks and ultimately loss of structural integrity.
In the first dehydration, gypsum gets converted to hemihydrate.
CaSO4 • 2H2O

CaSO4 • ½ H2O + 1½ H2O

(Reaction 1)

This endothermic dehydration starts at about 80 -90 °C and reaches completion at about
140 °C. These temperatures can be influence by heating and flow rates.24
In the second dehydration, anhydrous calcium sulfate is formed from hemihydrate.
CaSO4 • 0.5H2O

CaSO4 + ½ H2O

14

(Reaction 2)

During the first dehydration, gypsum loses 75% of its chemically bound water to form
hemihydrate and further heating causes a loss of the remaining 25% of chemically bound
water to form anhydrite.
(iv) Thermal properties of GWB at higher temperatures
It is very important to study the thermal properties, such as the specific heat and
mass loss at high temperatures in order to evaluate and quantify the fire-resistant property
of the GWB. These properties are difficult to study given the transient effects and many
vary with the techniques and conditions being employed.27-30 Additionally, the thermal
properties at these high temperatures are affected by the chemically bound water in
gypsum.
Many researchers have been investigating the specific heat of gypsum at various
temperatures. As the chemical decomposition of gypsum occurs in two different stages,
the specific heat also experiences two separate endothermic peaks.29 Some researchers
like Wakili20,31 observed a third peak and concluded that it corresponded to the
decomposition of carbonates. Many works agreed on the temperatures at which the first
peak was observed.1,10 However, inconsistencies on the second peak temperatures were
evident.32 Andersson and Jansson32 reported specific heat values of 52.2 kJ/kg °C and
19.2 kJ/kg °C at 110 °C and 210 °C respectively. Mehaffey and his coworkers30 altered
the conditions by employing an isothermal stage for 24 hr in order to drive off the free
water molecules. They employed two different heating rates 2 °C/min and 20 °C/min.
They reported a value of 29 kJ/kg °C with slower heating rate at about 95 °C while 14
kJ/kg °C was seen with the higher heat rate at about 145 °C. However, the area under
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both peaks was 500 kJ/kg corresponding to the heat required for first endothermic
dehydration and evaporation of water released.
Mehaffey and his research group used thermogravimetric analysis (TGA) in order
to study the mass loss of Type X GWB.30 They observed a mass loss of about 17.5%
between 100 °C and 160 °C. No second peak was seen in their study. However, they
observed a mass loss at 650 °C and concluded it was a result of magnesium carbonate
decomposition. Wakili and Sultan20,28 also observed a mass loss at 800 °C and concluded
it was a result of calcium carbonate decomposition. In contrast to these results, Becceiro
and his co-workers,33 as well as Borrachero and his co-workers34 were able resolve two
peaks indicating the sequential dehydration reactions by the usage of pin hole pans to
create a self-generated water vapor atmosphere. This self-generated atmosphere trapped
the water vapor inside the pan, thereby increasing the vapor pressure and temperature.
This increased vapor pressure forces the second dehydration reaction to occur at higher
temperature and thus resolved the two peaks. These peaks had temperatures slightly
higher than expected due to the presence of self-generated water vapor. However, the
peaks were not completely separated; the off set of first dehydration and the onset of
second dehydration could not be distinguished. This was shown to be a result of higher
activation energy of the first dehydration reaction compared to the second one.
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2. MATERIALS AND METHODS
Four different commercially-available GWBs were used for this study– a standard
GWB, two different Type X GWBs produced by different manufacturers and a Type C
GWB. The regular wallboard was produced by Lafarge while the Type X wallboards
were produced by Lafarge and Valley Interiors. Type C GWB was produced by National
Gypsum. The Type X are reinforced with glass fibers while the Type C has vermiculite
with glass fibers and all of them are manufactured with paper covering. 35 Type X
wallboards typically contain fibrous glass mesh that is intended to hold the gypsum board
in place after the dehydration reactions have occurred, thereby protecting its integrity.
However, there is no ASTM standard for Type C GWB. So, it is manufacturer specific.
Powders of synthetic analytical grade calcium sulfate dihydrate, (gypsum) CaSO4•2H2O
(Acros organics – 98% extra pure), calcium sulfate hemihydrate, CaSO4•½ H2O (Acros
organics – 97% pure) and calcium sulfate anhydrite, CaSO4 (Alfa Aesar – 99% pure)
were used as received for the current research.
X-ray Diffraction
X-ray diffraction patterns were obtained using a Thermo ARL X-ray
diffractometer. Quartz was used to verify the instrument. The GWBs were crushed and
ground into small particles for analysis on XRD. The typical conditions used for the
analysis were 40 kV, 40 mA for Cu-Kα. The samples were scanned from 3° to 120° 2θ.
The time period of scan varied from 15 minutes to 16 hours for all the samples. In the
later experiments, these powders were heated to higher temperatures to observe the
crystal transitions.
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Scanning Electron Microscopy
For performing the analysis on scanning electron microscope, all the types of
GWBs were cut into small cubes and were mounted on to an aluminum SEM stub using
double sided carbon tape. The mounted specimen was observed using a JEOL JSM 5400
– LV scanning electron microscope. It was observed in low vacuum mode using a back
scatter electron detector. Elemental analysis was obtained using a KEVEX quantum
detector with a MOXTEK AP3.3 thin filmed window and an IXRF energy dispersive
spectrometer.
Thermogravimetric Analysis
Thermogravimetric analysis (TGA) measurements were conducted using a TA
Instruments Q-5000IR TGA. This instrument was calibrated according to manufacturer’s
procedure using curie metals for temperature and calibration weights for weight. It was
verified using calcium oxalate. Sample mass of approximately 10 mg was used for all the
experiments. The temperature was maintained isothermal at room temperature for 30
minutes to remove oxygen and then ramped at 20 °C/min to 1000 °C with a flow rate of
50 mL/min. All these experiments were initially carried out in an open platinum pan.
However, in the later experiments, Tzero pin hole hermetic pans were employed and
sealed tightly in order to maintain the water vapor self-generated atmosphere.
Differential Scanning Calorimetry
Differential scanning calorimetric (DSC) measurements were conducted using a
TA Instruments DSC 2920. The instrument was calibrated and verified using indium as
the standard. In the initial experiments, regular aluminum pans were used for holding the
sample and reference. Approximately 8-10 mg of the sample was taken and equilibrated
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at -40 °C followed by ramp at 20 °C/min to 400 °C. Flow rate of nitrogen was maintained
at 50 mL/min. Due to the fact that regular aluminum pans were not sealed and that there
was more probability for the gases to escape, the pans were replaced by aluminum
hermetic pans and then sealed using a press. In order to co relate the results with TGA,
Tzero pin hole hermetic pans were later used for DSC measurements.
Thermomechanical Analysis
Thermomechanical analysis (TMA) measurements were conducted using a TA
Instruments TMA 2940. TMA was calibrated and verified using indium standard. For
analysis of the thermal shrinkage on TMA, the GWB was cut into small cubes of ~5x5x5
mm. The paper was also removed from both sides of the wallboard. Measurements were
started with an isothermal condition for one minute followed by heating at 5 °C/min to
1000 °C. The furnace was purged with nitrogen at a flow rate of 50 mL/min. Sample
length, dimensional change and temperature were recorded simultaneously by a
computer.
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3. RESULTS AND DISCUSSION
In this current study, XRD was used to examine the composition of the standards
as well as the GWBs. WINXRD and Match software were used to analyze the diffraction
data. Figure 6 shows the XRD pattern of the standards and the commercial GWBs. The
main peaks of the GWBs material matched well with the standard gypsum powder, with
traces of hemihydrate implying the main ingredient of the GWB to be dihydrate in
contrast to Yu and coworkers who reported hemihydrate as the major component of
wallboard.36 The intensities at 11.7, 21, 22.8 and 29.5° 2θ are characteristic peaks
observed for dihydrate as seen in Figure 6. These peaks were evident in the commercial
GWBs used for analysis. The peak at 22.8° 2θ seems to have diminished in the GWBs
that could have been a result of different manufacturing techniques and additives present
in them. The intensities at 14, 25.5, 30 and 31.5° 2θ are observed for hemihydrate peaks
and are present in trace amounts in GWBs. The anhydrite standard has a main peak at
25.5° 2θ as well. At this point, both the standard hemihydrate and anhydrite peaks
overlap and the only difference can be noticed in the peak height ratios at 25.5° 2θ. So, it
is very difficult to conclude the presence of anhydrite in the GWB due to the presence of
peaks at same position.
The next focus was to look at the microscopic structures of the GWBs using SEM
and determine their chemical composition. The percentages of elements in standard
gypsum powder were calculated as seen in Table 2 and used for comparison with the
composition of commercial GWBs. Tables 3, 4, 5 and 6 correspond to the chemical
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Figure 6. Comparative XRD patterns for standard powders and GWBs
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compositions of the standard, Lafarge Type X, Valley Type X and National GWB Type
C, respectively measured by EDX. All the GWBs have calcium sulfate dihydrate as the
main component as shown with the XRD results in Figure 6.The fire resistant GWBs are
expected to have some additives incorporated in their structure to reduce the extent of
ablation in fire and to protect the structural integrity of the wallboard.37 The measured
concentrations of calcium and sulfur in all the GWBs are in line with the theoretical
values. Figure 7 clearly shows the presence of many holes and cavities in regular GWB
as a result of manufacturing process without any significant amounts of additives except
silicon. The concentration of silicon might suggest the presence of SiO2 in the
wallboard.19,37 Glass fibers can be clearly seen in Lafarge Type X GWB in Figure 8. In
Figure 9, a considerable amount of fibers are seen and Figure 10a clearly shows the
cavities are filled unlike the former wallboards. However, the fibers are evident
suggesting the presence of glass fibers, rock wool or cellulose fibers. Figure 10b is a
magnified image of Valley Type X GWB while Figure 11, 12a and 12b are SEM images
of National GWB Type C. The EDX results of type C shows significant amounts of iron,
magnesium, aluminum and silica compared to Type X GWBs. This could be due to the
incorporation of vermiculite in Type C wallboards, a compound that has the capacity to
expand on heating and contract upon cooling.
As detected in EDX analysis, regular GWB consists of calcium, sulfur and
oxygen in appropriate ratios when compared with the theoretical values. EDX cannot
detect elements of low atomic weights; hence, hydrogen cannot be detected. Silicon is
detected in this GWB in very small amounts. The presence of fibers in Figure 8 indicates
their vital role in holding the GWB together. The presence of other elements like Al, P,
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Fe, Mg suggest the presence of clay or different types of glass fibers such as fibrous glass
or mineral wool. The holes and cavities in Lafarge Type X GWB are less pronounced
compared to the regular type and the glass fibers are prominently seen.
Table 2. Percentage of elements in gypsum.
Element

Atomic wt.

Number of

Molecular

moles

weight

Wt.%

Calcium

40.08

1

40.08

23.29

Sulfur

32.06

1

32.06

18.62

Oxygen

15.99

6

95.94

55.75

Hydrogen

1.01

4

4.040

2.34

172.12

100

Total

Figure 7. SEM image of regular GWB
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Table 3. Percentage of elements in regular GWB
Element

Line

Intensity

Error

Atomic

Conc

(c/s)

2-sig

%

Wt.%

O

Ka

93.86

3.677

77.66

60.70

Si

Ka

4.03

1.868

0.25

0.34

S

Ka

228.45

5.802

11.00

17.23

Ca

Ka

221.44

5.613

11.09

21.72

100.00

100.00

Figure 8. SEM image of Lafarge Type X GWB
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Table 4. Percentage of elements in Lafarge Type X GWB
Element

Line

Intensity

Error

Atomic

Conc.

(c/s)

2-sig

%

Wt.%

O

Ka

130.23

4.288

76.36

59.02

Mg

Ka

0.52

1.613

0.04

0.05

Al

Ka

1.90

1.974

0.10

0.14

Si

Ka

7.60

2.349

0.33

0.44

P

Ka

5.66

2.449

0.21

0.31

S

Ka

343.99

7.104

11.55

17.89

K

Ka

2.85

1.844

0.10

0.18

Ca

Ka

321.18

6.751

11.22

21.73

Fe

Ka

1.62

1.280

0.09

0.24

The fibers were very well distributed in Valley Type X GWB. The high
magnification was used to look at these fibers and also it was seen that the cavities were
filled, probably with the insulating materials like rock wool or mineral wool. These
insulating materials serve to block the heat transfer during fire exposure in contrast to
empty holes and cavities in regular GWB. The high magnification image of 750X clearly
shows that the material was very compact, tightly packed interlocking each other which
accounts to the fire resistant property.21 This could be one of the ways to maintain the
structural integrity of the GWB. The main elements Ca, S, O were in appropriate ratios as
expected. Additional elements like Si, Mg, Al, P, Fe, K were also detected which indicate
the presence of clay or different varieties fibrous glass as insulating material.
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Figure 9. SEM image of Valley Type X GWB

Figure 10a & b. SEM image of Valley Type X at 200X and 750X
magnification respectively

26

Table 5. Percentage of elements in Valley Type X GWB
Element

Line

Intensity

Error

Atomic

Conc.

(c/s)

2-sig

%

Wt.%

O

Ka

137.94

4.466

74.83

56.99

Mg

Ka

1.32

1.815

0.09

0.10

Al

Ka

3.67

2.195

0.18

0.23

Si

Ka

6.28

2.512

0.24

0.32

P

Ka

4.38

2.750

0.14

0.21

S

Ka

419.21

7.908

12.38

18.90

K

Ka

1.60

2.006

0.05

0.09

Ca

Ka

387.01

7.460

11.97

22.84

Fe

Ka

2.50

1.453

0.12

0.32

100.00

100.00

The glass fibers in Type C National GWB were present in highest concentration
as expected. The holes and cavities were present in least amounts when compared to the
other GWBs. Many elements were found in type C GWB along with Ca, S and O as seen
in table 6. All these elements (Al, Mg, Zn, Fe, K, P, Si, Mn) are present in the vermiculite
composition. The brightest portion the highly magnified image indicates the presence of
iron. Also, this image depicts the compactness of the GWB material and the interlocking
of fibers can be noticed which accounts to the fire resistant property. In this case,
vermiculite should be the additive that distinguishes the Type C GWB and exhibits the
property of intumescence.
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Figure 11. SEM image of Type C National GWB

Figure 12a & b. SEM image of Type C National GWB at 500X and 1500X
magnification respectively.
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Table 6. Percentage of elements in Type C National GWB
Element

Line

Intensity

Error

Atomic

Conc.

(c/s)

2-sig

%

Wt.%

O

Ka

109.71

3.981

72.90

54.78

Mg

Ka

6.26

1.723

0.51

0.58

Al

Ka

8.76

2.111

0.52

0.65

Si

Ka

24.27

2.744

1.12

1.48

P

Ka

4.49

2.408

0.18

0.26

S

Ka

336.60

7.045

12.15

22.86

K

Ka

3.05

1.910

0.11

0.20

Ca

Ka

323.64

6.816

12.15

22.86

Mn

Ka

0.31

1.249

0.02

0.04

Fe

Ka

3.16

1.406

0.18

0.18

Zn

Ka

0.67

1.124

0.07

0.07

100.00

100.00

Figure 13 shows the mass loss as a function of temperature measured using
thermogravimetric analysis for calcium sulfate dihydrate. X-axis indicates temperature
and the right Y-axis corresponds to the derivative weight and the left Y-axis corresponds
to weight percentage. In Figure 13, calcium sulfate dihydrate had its maximum rate of
mass loss or its derivative thermogravimetric (DTG) peak at about 141 °C. Figure 14
shows the TGA mass loss curve for calcium sulfate hemihydrate. The DTG peak for
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Figure 13. TGA mass loss curve for calcium sulfate dihydrate

Figure 14. TGA mass loss curve for calcium sulfate hemihydrate
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hemihydrate was at 117 °C. This single DTG peak means that hemihydrate decomposed
even before the dihydrate reached its maximum temperature because of which no
distinguishable peak was seen for conversion of dihydrate to hemihydrate. Instead,
dihydrate is losing all of its water molecules and forming anhydrite directly or the two
events have overlapped under the conditions used. As a result, the two peaks are not
distinguishable in contrast to many studies in the past.38-40 TGA mass loss curve for
dihydrate shows a mass loss of 20% which matches with the expected values. Figure 15
shows the TGA moss loss curve for anhydrite with a DTG peak at about 588 °C and a
mass loss less than 1% as there is no water of crystallization.

Figure 15. TGA mass loss curve for anhydrite
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Figures 16a and b show TGA data for the standard GWB at different heating
rates. At a heating rate of 20 °C/min, the standard GWB had a mass loss of 19% and these
values corresponded closely to the theoretical values. The heating rate was reduced to
5 °C/min and as a result the peak shifted to lower temperature at which maximum mass
loss occurred. This is due to the fact that the sample was being exposed to the same
amount of heat for longer time periods as a result of decrease in the heating rate resulting
in a shift in the peak temperatures .41-43 The current study adopted a standard heating rate
of 20 °C/min for the experiments. The DTG peak temperatures are affected by various
factors as it relies on experimental conditions such as the heating rate, particle size,
sample size, granulometry, time of heating, type of container and compactness of
sample.33,38
Since the slower heating rates did not make any difference in the dehydration
phenomena, a standard heating rate of 20 °C/min was adopted for the remaining fire-rated
wallboards. Figures 17, 18 and 19 show the TGA curves of Lafarge Type X, Valley Type
X and NGWB Type C wallboards, respectively. These GWBs have slightly lower peak
DTG temperatures than the standard and this could be attributed to the increased
percentage of impurities incorporated for improved fire resistance property acting as
catalysts or due to differences in the manufacturing procedures. However, the mass loss
remained constant in both the Type X wallboards and the mass loss was less for Type C
GWB (15%) that may be caused due to the intumescents present in the core. This lower
values are due to the amount of non-gypsum additives.
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Figure 16a. Standard GWB at 20 °C/min

Figure 16b. Standard GWB at 5 °C/min
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Figure 17. Lafarge Type X GWB at 20 °C/min

Figure 18. Valley Type X GWB at 20 °C/min
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Figure19. NGWB Type C at 20 °C/min
The mean and standard deviations were calculated for all the samples to check the
reproducibilty of the results as seen in Table 7. Five experimental results were considered
for these calculations i.e. N=5.
Table 7. Mean and standard deviation for peak DTG and mass loss
Sample name

Peak DTG for mean & SD Mass loss mean
and SD (%)

(°C)
Standard Gypsum powder

141 + (2)

20 + (1)

Standard hemihydrate

118 + (2)

7 + (1)

Regular GWB

143 + (1)

19 + (1)

Lafarge Type X

138 + (2)

20 + (1)

Valley Type X

129 + (2)

20 + (1)

Type C

123+ (2)

15+ (1)
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Another important observation in the TGA experiments was a small elevated peak
of GWBs centered around 675 °C. This peak was noticeable in the standard GWB as well
as the fire resistant GWBs. All the water molecules would have been lost before even
reaching this temperature. Calcium carbonate and magnesium carbonate are some
impurities that could be possibly present in GWBs and is deliberately added at the cost of
calcium sulfate for the purpose of sound attenuation.20 The mass loss at this temperature
could probably correspond to the release of carbon dioxide from magnesium carbonate
which is in line with literature.20,31,42 All the GWBs had a mass loss curve that ends at
around 680 °C due to presence of magnesium carbonate as an impurity that is most
commonly present along with calcium carbonate in nature.
MgCO3

MgO + CO2

(Reaction 3)

In an effort to attain better resolution and separation of dehydration events, Tzero
pin hole hermetic DSC pans were employed in some additional TGA experiments. The
main aim of this strategy was to create water vapor in the surrounding atmosphere,
thereby increasing the resolution of both the dehydration reactions. Figure 20 shows the
pin hole hermetic TGA mass loss curve for calcium sulfate dihydrate at 10 °C/min. It can
be clearly seen that the dehydration processes were resolved. The weight loss in dihydrate
and hemihydrate was in 3:1 ratio as expected. The heating rate was reduced to 2 °C/min
in order to resolve the peaks completely as shown in Figure 21. As the heating rate
increases, the resolution of the TGA curves decreases when overlapping events are
present. Thus, a lower heating rate of 2 °C/min was used to look at the resolution of
peaks. Decreasing the heating rate has decreased the decomposition temperatures as well.
However, complete separation of peaks was still not possible with lower heating rates as
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the offset temperature of first dehydration process and the onset temperature of second
dehydration process were overlapping. Similar results were seen in the literature and it
was suggested that this behavior is due to the fact that activation energy required for the
first dehydration reaction is higher than the activation energy needed for second
decomposition.33

Figure 20. Pin hole hermetic TGA curve for calcium sulfate dihydrate at 10 °C/min.
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Figure 21. Pin hole hermetic TGA curve for calcium sulfate dihydrate at 2 °C/min.
Figures 22-25 correspond to the TGA mass loss curves of standard GWB, Lafarge
Type X GWB, Valley Type X GWB and National Type C GWB with pin hole pans
respectively. All these GWBs had the mass loss in 3:1 ratio similar to the standard
powder with a slight change in DTG peak temperatures. When pin hole TGA case is
compared to the open TGA technique, pin hole techniques have attained higher peak
temperatures due to the water vapor atmosphere. Here, the water vapor atmosphere
created by the dehydration reactions is confined in the pin hole pan and release of this
vapor to the outer atmosphere is very slow. Subsequently, the vapor pressure inside the
pin hole pan increases that will force the second dehydration to occur at a higher
temperature; thereby, increasing the peak temperatures at which maximum
decomposition occurs. These results are in line with previous literature studies.33,38
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Figure 22. Pin hole hermetic TGA curve for standard GWB at 10 °C/min.

Figure 23. Pin hole hermetic TGA curve for Lafarge Type X GWB at 10 °C/min.
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Figure 24. Pin hole hermetic TGA curve for Valley Type X GWB at 10 °C/min.

Figure 25. Pin hole hermetic TGA curve for Type C National GWB at 10 °C/min.
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Figures 26-28 show the DSC heat flow curves for the standard powders –
gypsum, hemihydrate and anhydrite with aluminum hermetic pans. X-axis represents the
temperature and Y-axis denotes the heat flow in W/g. In contrast to the open pan TGA
results, two distinguishable peaks were noticed in the DSC experiments. When gypsum is
heated, the crystalline calcium sulfate dihydrate liberates its water molecules in two
separate reversible reactions. Unlike TGA, the peaks were clearly distinguishable as we
have employed hermetic aluminum pans for the purpose of preventing the escape of
gases. The first peak is a transition of gypsum to soluble hemihydrate and second peak is
a hemihydrate to soluble anhydrite transition. A third transition in crystal structures is
expected to occur at around 400-450 °C where the soluble anhydrite converts to insoluble
form and this is exothermic in nature.19 However, observation of this transition was not
possible for the DSC experiments due to the fact that the maximum temperature that
could be set in the instrument was 400 °C.

Figure 26. DSC Curve for calcium sulfate dihydrate at 20 °C/min.
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Figure 27. DSC curve for calcium sulfate hemihydrate at 20 °C/min.

Figure 28. DSC curve for anhydrite at 20 °C/min.
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Figures 29- 32 are the DSC curves for standard, Lafarge Type X, Valley Type X
and National GWB Type C with aluminum hermetic pans. These peak temperatures did
not exactly correspond with the open pan TGA due to the difference in experimental
conditions. The energy values were similar for the Type X and standard GWBs. A
slightly lower energy was seen in case of Type C. This might be a result of presence of
vermiculite apart from glass fibers present in the rest of the wallboards which would
lower the weight percent of material leading to the transition. It should also be pointed
out that the mass loss was about 15% for Type C which was lower than the remaining
GWBs. Due to this lower mass loss, energy absorbed could also have been lowered in
pertinent to the other boards.

Figure 29. DSC curve of standard GWB at 20 °C/min.
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Figure 30. DSC curve of Lafarge Type X GWB at 20 °C/min.

Figure 31. DSC curve of Valley Type X GWB at 20 °C/min.
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Figure 32. DSC curve of NGWB Type C at 20 °C/min.
The reproducibility was checked by repeating the experiments under same conditions and
accuracy of these results were checked with the mean and standard deviations as listed in
the Table 8. Results from four different set of experiments were used i.e. N=4
Table 8. Mean and standard deviations for DSC data
Mean and SD – 1st

Mean and SD – 2nd

Dehydration peak. (°C)

Dehydration peak (°C)

Standard gypsum powder

172 + (1)

229 + (1)

Standard hemihydrate

205 + (1)

-

Regular GWB

178 + (1)

207 + (1)

Lafarge Type X

156 + (2)

204 + (2)

Valley Type X

157 + (2)

205+ (2)

Type C

151 + (2)

173+ (2)

Sample type
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Tzero pin hole hermetic pans were also employed for DSC experiments in order
to correlate the data with TGA results as shown in Table 9. Figures 33- 37 show the
Tzero pin hole hermetic DSC heat flow curves for standard gypsum powder, regular
GWB, Lafarge Type X GWB, Valley Type X GWB and National Type C GWB
respectively at a heating rate of 10 °C/min. All the GWBs had similar decomposition
temperatures for both the reactions with slight variations in their enthalpy values.
However, comparing the pin hole DSC results with the regular hermetic pans shows a
drop down in energy values. This is because the water vapor is completely trapped in
case of aluminum hermetic pans and result in higher heat flow. In contrast, pin hole
hermetic pans maintain a self-generated water vapor atmosphere in the crucible with
small amounts of steam escaping out through the pin hole because of which the heat flow
observed was lesser than the hermetic case. The decomposition temperatures observed in
this technique are almost similar to the pin hole TGA temperatures that can clearly seen
in Figures 33-37.

Figure 33. Pin hole DSC curve for calcium sulfate dihydrate at 10 °C/min.
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Figure 34. Pin hole DSC curve for regular GWB at 10 °C/min.

Figure 35. Pin hole DSC curve for Lafarge GWB at 10 °C/min
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Figure 36. Pin hole DSC curve for Valley GWB at 10 °C/min

Figure 37. Pin hole DSC curve for National GWB at 10 °C/min
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Table 9. Comparison of TGA and DSC data for the Tzero pin hole experiments
Sample

TGA data

DSC data

1st peak

2nd peak

1st peak

2nd peak

temp ( °C)

temp ( °C)

temp ( °C)

temp ( °C)

Gypsum

161

210

165

209

Standard GWB

160

212

159

205

Lafarge Type

154

206

157

205

Valley Type X

154

209

155

207

National GWB

155

212

153

205

X

Type C

The dimensional changes of standard, Lafarge Type X, Valley Type X and
National gypsum Type C GWBs can be observed in figures 38, 39, 40 and 41,
respectively. Here, the X-axis stands for temperature and the y-axis presents the
dimensional change. When a GWB is heated, dehydration reactions occur resulting in
alterations to crystal structure and contraction of the GWB. This is the point at which
vermiculite begins to counteract by expanding in order to compensate for the shrinkage.
On the other hand, the glass fibers hold the GWB in place maintaining the structural
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integrity. The combined effect of vermiculite and glass fibers counteracts the contraction
and formation of cracks in Type C GWB. The effect of these elements can be noticed in
the Type C GWB depicted in Figure 41 in terms of thermal shrinkage and can be clearly
compared as seen in Table 10. Figure 42 is an overlay of thermal shrinkages of all the
GWBS in terms of percentage. The standard and fire rated GWBs had a thermal
shrinkage greater than 37%. It can be clearly noticed that type C has the least thermal
shrinkage of 14% and it is the only GWB showing an expansion due to its property of
directional intumescence.

Figure 38. TMA of standard GWB
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Figure 39.TMA of Lafarge Type X GWB

Figure 40. TMA of Valley Type X GWB
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Figure 41.TMA of National GWB Type C

Figure 42. Overlay of thermal shrinkage of GWBs.
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Table 10. Comparison of thermal shrinkages of GWBs
Standard GWB

Lafarge Type X

Valley Type X

National Type C

Shrinkage

Temp

Shrinkage

Temp

Shrinkage

Temp

Shrinkage

Temp

(%)

( °C)

(%)

( °C)

(%)

( °C)

(%)

( °C)

1

26-145

1

22-139

1

22-146

1

51-141

2

165-417

2

148-403

2

162-396

1

154-377

38

432-982

34

425-987

37

408-991

12

390-984

Based on these results it can be inferred that standard GWB had a total shrinkage
of about 41%, Lafarge Type X had shrinkage of 37%, Valley Type X had a shrinkage of
40% and National gypsum Type C had a shrinkage of only 14% under the conditions
used. These values are a result of the fire resistant property exhibited by the Type X and
Type C GWBs. The standard wallboard and Valley Type X had the highest thermal
shrinkage. The Lafarge Type X had less shrinkage in comparison to Valley. This
difference in shrinkage might have been a result of differences in manufacturing
procedures or elemental composition.
The shrinkage of the wallboards is divided into three steps. The temperatures
corresponding to these steps were expected to match with the open pan TGA results due
to similar experimental conditions employed. The first step reached completion in all
GWBs at around 150 °C. According to the open pan TGA data, all the gypsum should
have been converted to anhydrite with traces of hemihydrate. Since, the process of losing
water molecules is the same in all GWBs, the thermal shrinkage (1%) recorded was also
same in all the GWBs. The second step in TMA reached completion after 400 °C. Since
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soluble γ-anhydrite is the expected form of calcium sulfate at this stage, this contraction
is most likely the reordering of anhydrite to β-form. The last step is where maximum
shrinkage was seen to occur. As a result, all the GWBs showed a sudden extreme
contraction at temperatures beyond 800 °C due to which the structural integrity was lost.
The lower insoluble state of anhydrite cannot withstand the force for a longer time due to
which the cracks form and lose their structural integrity.44, 45 In order to confirm this
hypothesis of anhydrite transition at a temperature range above 450 °C, GWBs were
heated to various temperatures and examined residues with XRD. The standard anhydrite
powder was mixed with water and was allowed to set for few days to check the
crystalline form and examined on XRD after drying. It was proved that the standard
powder being used was insoluble β-anhydrite since it did not form gypsum after water
exposure.
The reproducibility was checked by repeating the experiments under same
conditions and accuracy of these results were checked with the mean and standard
deviations as calculated in Table 11 and 12. Four experimental values were used for these
calculations i.e. N=4
In Figure 42, XRD patterns of a regular GWB heated at 150, 250, 350 and 450 °C
were compared with standard powders of calcium sulfate dihydrate, calcium sulfate
hemihydrate and anhydrite. The Match software that was used for the identification of an
unknown compound showed that all the regular GWBs heated at 150 °C correspond to γanhydrite and these peaks were seen to be overlapping with β-form of hemihydrate.
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Table 11. Mean and standard deviations for thermal shrinkage.
GWB type

Stage 1 shrinkage

Stage 2 shrinkage

Stage 3 shrinkage

(%)

(%)

(%)

Standard

1.3 + (0.5)

2.1 + (0.8)

37.1 + (1.5)

Lafarge Type X

1.1 + (0.7)

2.4 + (0.6)

34.5 + (2.2)

Valley Type X

1.2 + (0.6)

2.3 + (0.5)

38.5 + (1.7)

National Type

1.1 + (0.4)

1.1 + (0.6)

14.3 + (1.1)

C

Table 12. Mean and standard deviations of thermal shrinkage temperatures
GWB type

Stage 1 ( °C)

Stage 2 ( °C)

Stage 3 ( °C)

Onset

Offset

Onset

Offset

Onset

Offset

Standard

29+(1)

147+(2)

166+(3)

418+(2)

430+(2)

981+(2)

Lafarge

21+(1)

141+(1)

147+(3)

407+(1)

424+(3)

983+(1)

25+(2)

143+(2)

162+(2)

402+(3)

410+(2)

989+(1)

51+(2)

148+(1)

156+(2)

380+(2)

390+(1)

984+(1)

Type X
Valley
Type X
National
Type C
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This overlapping is due to the structural similarities between β-hemihydrtae and γanhydrite. The GWB heated to 250 °C and 350 °C corresponded to both γ-anhydrite as
seen in Figure 42. In fact it was difficult to distinguish between the γ-anhydrite and
hemihydrate due to the overlapping of peaks and also because no structural
rearrangements take place in this conversion according to literature.7 The hemihydrate
peaks were noticed in trace amounts due to the humidity that converts anhydrite back to
hemihydrate before analysis on XRD. In order to confirm the crystal form of anhydrite,
the heated samples were mixed with water, dried at room temperature for few days. It
was noticed that the anhydrite was completely reverted back to gypsum confirmed by the
setting process and XRD examination. These studies infer that the anhydrite formed from
250 °C to 350 °C was the γ-form that has the capacity to revert to gypsum upon mixing
with water. The regular GWB that was heated to 450 °C was completely converted to
anhydrite without any significant peaks of hemihydrate. This sample was also mixed with
water and dried for few days. However, this sample did not undergo the setting process
indicating the β-form of anhydrite that does not revert to gypsum.
In the Figure 43, the intensities at 11.7, 21, 22.8 and 29.8° 2θ indicate the
dihydrate form. The peaks at these intensities completely disappear upon heating to
higher temperatures due to the conversion of dihydrate to other forms. The peak at 29.8°
2θ in dihydrate shifts to 30° 2θ upon forming hemihydrate that can be seen in the GWB
heated to 150 °C and eventually disappears when β-anhydrite is formed. The hemihydrate
has main peaks at intensities 14.7, 26.2, 29.9 and 32.6° 2θ angles. However, the peak at
26.2° 2θ angle is not clearly seen in GWB heated to 150 °C and almost diminishes at
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250 °C. This could be one of peaks to differentiate β-hemihydrate from γ-anhydrite. This
peak height increases with further increase in temperature and is the characteristic peak
indicating the formation of β-anhydrite that can be clearly seen in GWB heated to 450 °C.
The heating of GWB powder for XRD analysis is very much similar the heating
in open pan TGA experiments done initially. Therefore, the XRD results were expected
to match with the open pan TGA results i.e. all the gypsum should be converted to
anhydrite at around 141 °C. But it was very difficult to distinguish between the βhemihydrate from γ-anhydrite. There are many other factors like the sample size,
compactness, container type, granular nature that effect the decomposition temperatures
of samples being analyzed.33,38 The phenomena of gypsum → hemihydrate → anhydrite
transitions can be clearly observed in Figure 42 where the β-hemihydrate and anhydrite
standards very much match with standard GWBs heated to 250 and 350 °C. It is, in fact,
hard to distinguish between these two forms, β-hemihydrate and soluble γ-anhydrite.7, 46,
47

However, the standard GWB heated to 450 °C matches with the standard anhydrite

relatively as both of them correspond to the insoluble β-anhydrite.
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Figure 43. Comparative XRD patterns of standards and regular GWB heated at
various temperatures.
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4. CONCLUSIONS
Calculated values of Ca, S, O were compared with SEM –EDS analysis for all the
GWBs and the fire resistant GWBs were found to have some additives in varying
concentrations depending on the wallboard type. High magnification was used to look at
the glass fibers and other additives in GWB. In the XRD results, calcium sulfate
dihydrate was the main component of the standard and fire resistant GWBs with trace
amounts of hemihydrate and/or anhydrite.
It was not possible to resolve the two dehydration peaks while using the open pan
TGA technique. In this case, the hemihydrate decomposed even before the dihydrate had
lost all its water molecules. This was in contrast to many literature studies. However, in
an effort to resolve these sequential peaks, pin hole hermetic DSC pans were used in
order to generate a water vapor atmosphere in the crucible that would favor the separation
of peaks. As a result, the peaks were resolved and the dehydration temperature increased
due to the water vapor atmosphere. The two peaks were found to be overlapping because
the activation energy of first dehydration reaction was higher than the second reaction.
Unlike TGA, distinguishable peaks were obtained in case of DSC because of the usage of
hermetic pans. However, these temperatures did not completely match with the open pan
TGA very well because of which Tzero pin hole hermetic DSC pans were again used.
Peaks were very well resolved and the temperatures corresponded with the pin hole TGA
data. Also, the Type C peaks were completely resolved unlike the initial DSC
experiments.
Thermal shrinkage is lower in fire resistant GWBs compared to standard GWB.
The TMA temperatures were compared with TGA open pan results. Phase transitions
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occur at temperatures higher at 400 °C, transforming the high energy soluble γ-form of
anhydrite to low energy insoluble β-form. At temperatures above 800 °C, cracking occurs
and the structural integrity is completely lost due to which maximum shrinkage occurs at
this stage. This was confirmed by conducting XRD studies. Standard gypsum wallboard
was heated to 150 °C and it showed γ-anhydrite peaks that were overlapping with βhemihydrate. Heating the GWB samples to 250 and 350 °C yielded γ-anhydrite and
hemihydrate. Distinguishing these two forms was highly difficult due to overlapping
peaks and structural similarities. Temperatures beyond 450 °C result in the formation of
insoluble β-anhydrite.
Characterization of commercially available GWBs was achieved and
experimental procedures were finalized for future testing.
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